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© Method and apparatus for inductively heating molten glass or the like. 

® Glass or the like is melted by liquefying batch materials 
in a first stage by means of radiant heating, and further 
advancing the melting process in a second stage where the 
meft is heated by induction heating (10). Another aspect of 
the invention provides a residence zone at the exit (40) of the 
induction heating stage to aid elimination of gaseous 
inclusions. 
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METHOD AND APPARATUS FOR INDUCTIVELY 
HEATING MOLTEN GLASS OR THE LIKE 

Background of the Invention 

This invention relates to electrically heating a body of molten 
material such as glass by means of induction. The invention is applicable 
to the melting of. a material which- is susceptible to having electric 
currents induced therein, and it is particularly applicable to the melting 
of glass or the like. 

It is well known that material may be heated by induced currents 
when the material is placed within a coil carrying alternating current. An 
advantage of this type of heating is that the material being heated does 
not come into contact with the electrical source; e.g., electrodes need not 
be immersed in the melt. The general concept of inductively heating glass 
has been disclosed in many patents, for example, U. S. Patent Nos. 1,830,481; 
1,906,594; 3,205,292; and 3,244,495. Much of the prior art is limited to 
small scale embodiments, and large-scale melting of glass by induction 
heating has not found significant commercial acceptance. The economics of 
induction heating, however, have not favored its use in the large scale 
melting of glass and the like. Thermal energy from combustion of fuel has 
generally been more economical than electric energy for glass melting. 
Moreover, induction heating has sometimes been considered to entail low 
efficiency in transferring electrical power into thermal energy. Also, it 
has been the belief of some in the art that large scale induction heating 
of glass would entail a prohibitively large induction coil. 
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Summary of the Invention 

Liquefaction of batch materials can be carried out more economically 
in an ablating type melter of the type disclosed in U.S. Patent No. 4,381,934 
than in an induction heater. Combusion heating depends upon a large 
temperature difference between the heat source and the material being 
heated to effectively transfer heat. Initially liquefying batch materials 
provides a large temperature difference and thus lends itself to combustion 
heating. the technique of the aforesaid patent reinforces this advantage 
by enhancing run-off of hot, liquefied material and continually exposing 
cold batch to the radiation, thereby maintaining a large temperature 
difference. Completing the melting of the liquefied material, however, 
involves raising the temperature of an already hot material, and therefore 
does not provide as great a temperature difference. Induction heating, on 
the other hand, does not require a temperature difference to transfer 
energy to the suscepting material. Therefore, induction heating is ideally 
suited for the second stage of a melting process. In comparison with a 
total energy consumption of about 6 million BYU's per ton to melt soda- lime- 
silica flat glass in a large scale continuous furnace, A thermal input of 
only about 0.5 million BTU per ton (28.6 kcal per kg.) need be applied to 
the glass in the induction heater to perform the refining function. In the 
present invention, the major portion of the energy is expended in the more 
economical liquefying stage, and the size of the induction heater and the 
amount of electrical energy consumed can be minimized by employing induction 
heating as the second stage, or "refiner," of the melting process. 

There are other advantages to feeding mater iaL to the induction 
heater in a pr e- lique f ied state. In a continuous process such as this, it is 
desirable to establish stable circulation patterns of the molten material 
within the induction heating vessel. But feeding cold materials to the 
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cop of the vessel may confLi.cc with Che naturally rising thermal convection 
currents and thus could lead Co in sC ab i 1 ic ie s. Furthermore, providing 
molten material at the top of the vessel is consistent wich the goal of 
removing bubbles from the melt. 

. The Drawings 

FIG. 1 is a vertical cross-sectional view of a preferred embodi- 
ment of an induction heating apparatus in accordance wich the present 
invent ion. 

FIG. 2 is a horizontal cross-sectional view of the apparatus of 
FIG. 1 taken along line 2-2 in FIG. 1. 

FIG. 3 is an enlarged cross-sectional view of the bottom portion 
of the vessel of FIG. 1, showing details of a drain and metering means. 

FIG. 4 is a cross-sectional view of a support arm for the metering 
means, taken along line 4-4 in FIG. 3. 

FIG. 5 is a schematic diagram of the electric circuit involved in 
the induction heater of the present invention. 

FIG. 6 is an enlarged view of the coil terminal portion of FIG. 2. 

Pet ai led Description 
The principles of the present invention are applicable to the 
inductive heating of a wide variety of molten materials, but the detailed 
description will relate primarily to an embodiment specifically designed 
to melt glass. Additionally, the specific embodiment to be described is 
adapted for continuous throughput at relatively high rates. The present 
invention is particularly advantageous under those conditions but is not 
limited thereto. 
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In the embodiment depicted in the drawings, referring in par- 
ticular to FIGS . 1 and 2, a single turn induction coil 10 is comprised of 
two half cylinders 11 and 12 surrounding a portion of a cylindrical ceramic 
vessel. Copper is the preferred material for the coil because of its high 
electrical conductivity. The thickness of the cylindrical portions 11 and 
12 will depend upon the strength requirements of a particular application, 
but for the particular example being described, a thickness of 1/4 inch has 
been found adequate. To the outside of the cylindrical portions H and 12 
are welded a plurality of cooling tubes 13. Water or other cooling fluid 
may be supplied to the tubes 13 by way of .non-conductive tubes 14. The 
cooling fluid travels a semi-circular path around one side of the cylinder 
to an outlet tube 15 by which the fluid may be passed to a drain or to 
another cooling tube 13 on the same side of the cylinder for a return 
passage along a second semi-circular path. Depending upon the size of the 
vessel and the cooling requirements, the cooling fluid maybe passed 
through additional tubes before being passed to a drain. 

In the induction heating zone the vessel is comprised of a 
cylinder formed by a plurality of refractory blocks 20. The cylindrical 
configuration is the most efficient and therefore preferred, but it should 
be understood that other shapes ceuld be employed. The cylinder may be 
formed from a plurality of courses of the blocks 20, and within each course 
there may be a plurality of wedge shaped blocks forming a circle or polygon. 
For example, in the particular embodiment depicted in FIG. 2, there are 
three courses of the blocks 20, with each course comprised of ten blocks, 
each having two facets so as to create a twenty-sided polygon. The blocks 
20 are a refractory material selected for compatibility with the 
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molten material being processed. In the case of melting glass, a suitable 
refractory is the al umina-zirc onia-sii ic a type of refractory. This type of 
refractory is suitable for contact with molten glass, but Its thermal 
insulating properties are relatively poor compared to other types of 
refractory ceramic materials. Accordingly, the thickness of a block 20 in 
the radial direction is sufficient to provide a temperature gradient 
between its inner face and its outer face so that any molten material that 
may escape through the joints or cracks would become solidified or at least 
very viscous before it reaches the outer face of the blocks 20. In the 
case of glass, a suitable temperature gradient provides a temperature at 
the outer face of the blocks 20 no higher than the devitrification tempera- 
ture o£ the particular glass being melted. With a typical commercial 
soda-lime-silica flat glass composition, such a temperature would be about 
1800 *F. (about 980°C), Even better containment could be achieved with an 
outer temperature near the softening point of glass - about 1400'F. (75Q-C.) 
Additionally, the refractory of the. inner blocks 20 should have rela- 
tively high electrical resistivity at elevated temperatures so that the 
refractories suscept little of the induced electrical currents. By way of 
example, satisfactory results may be obtained with a refractory whose 
resistivity is on the order of five to ten times that of the resistivity of 
the molten material being treated. Although not essential to the principle 
of the invention, another feature that may be desirable is that the refrac- 
tory be of a type which is capable of being cycled repeatedly between room 
temperature and the operating temperature • 

On the outside of the refractory cylinder defined by the blocks 
20 is an outer refractory cylinder comprised of a plurality of blocks 21. 
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The blocks 21 are a ceramic refractory material selected for its insulating 
properties, i.e., having a relatively low coefficient of thermal conduc- 
tivity. The outer blocks 21 have lower thermal conductivity than the inner 
blocks 20, typically on the order of less than one-half that of the inner 
blocks, and preferably less than about one- fifth. Because isolation from 
the molten material within the vessel is provided by the thickness of the 
inner refractory cylinder, the outer refractory pieces 21 need not be 
adapted for contact with the molten material, although the provision of 
some compatibility at relatively moderate temperatures is preferred. An 
example of a suitable material for the outer insulating refractory layer is 
a porous (low density) clay refractory. Because of its low thermal conduc- 
tivity, the insulating layer can achieve the objective of providing an 
additional thermal gradient compatible with contact of the metallic induc- 
tion coil on its outside surface while at the same time adding minimal 
additional thickness to the vessel wall. Minimizing overall wall thickness 
is desirable for max iinimi zing power efficiency by placing the coil as close 
as possible to the material being treated and by rairumiraizing the amount of 
material within the coil in which stray currents may be induced. The coil 
temperature should be maintained sufficiently low to prevent substantial 
oxidation of the metal, to minimize electrical resistance of the copper, 
and to prevent undue loss of strength. Cooling coils 13 help maintain the 
coil temperature low, and the thermal gradient provided by the outer layer 
of refractory 21 should be sufficient to maintain the cooling requirements 
and energy losses to a reasonable level. When the coolant is water, as is 
preferred, the coil temperature and thus the outside surface temperature of 
the outer refractories 21, is preferably maintained below 100'C. 
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The construction of the portion of the vessel above the induction 
coil is not as critical as that within the induction coil, but as a matter 
of convenience, the same construction may be continued to the top of the 
vessel as depicted in FIG. 1. A refractory lid member 22 may be provided 
at the upper end of the vessel through which is provided a feed opening 23. 
Raw materials may be fed through the opening 23, but at least in the case 
of glass, it is preferred that the raw materials be liquefied in a preced- 
ing stage of the melting process. A preferred liquefying process is that 
disclosed in U. S. Patent No. 4,381,934 of Kunkle et al. A suitable surge 
hopper 24 or the like may be provided for holding material to be fed to the 
induction heating vessel. 

The thickness of the wall 26 of the vessel below the induction 
coil is not critical, but non-contaminating contact with the molten material 
remains an important consideration. Therefore, it is preferred that the 
lower wall poriion 26 be made of a refractory suitable for contact with the 
molten material ( alumina-zirconia-s il ica type refractories in the case of 
glass) and the wall may be provided with whatever thickness provides the 
desired thermal insulation. As in the other portions of the vessel, the 
lower portion 26 may be fabricated from a plurality of wedge-shaped refrac- 
tory blocks. Binding straps 27 or the like (preferably of stainless steel 
to minimize f«rr o-magnet ism) may be provided around the lower portion of 
the- vessel to retain the blacks in position without undue loss of power due 
to stray currents being induced in the binding straps. Power losses in the 
straps 27 can be further reduced by minimizing the cross-sectional area of 
the metal, by locating them below the induction coil as far as possible, 
and by breaking each strap into a plurality of electrically insulated 
segments along its length. 
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The floor o£ che vessel is also comprised of refractories suitable 
for contact with the molten material. Details of che bottom construction 
•nay be seen in the enlarged view of FIG. 3. The upper layer 30 of the 
bottom structure is preferably a refractory suitable for contact with the 
molten material such as alumina-zirconia-silica-type refractories in the 
case of glass melting. Beneath the layer 30 may be provided .a second layer 
31 of a material chosen for its thermal properties such as a low density 
clay refrartory. Cooling is provided on the outside of the bottom struc- 
ture so as to assure containment of the molten material in the vessel. In 
the embodiment depicted, an annular water cooler 32 forms the base for the 
vessel. Between the water cooler 32 and the refractory layer 31, there 
n»ay be provided a layer of refractory paper 33 and a copper sheet 34 which 
serves to shield the water cooler 32 from stray induced currant,, particu- 
larly if the cooler is made of mild steel. 

Various arrangements for draining molten glas, or the l:.ke from 
the vessel are known in the art and may be used with the present inv.ntion, 
but a particularly advantageous drain arrangement is shown in the drawings, 
with particular reference to FIG. 3. The drain is comprised of a refrac- 
tory metal (e.g., platinum-rhodium alloy) tube 40 mounted in the cent.r of 
the bottom of the vessel. The tube 40 extends through a central refractory 
Piece 41 which is preferably a refractory suitable for contact with the 
molten material. The tube 40 extends above the bottom surface of the 
vessel to prevent any debris at the bottom of the vessel from being carried 
i»to the output stream. The refractory bottom section 41 s l op es downwardly 
toward the tube 40 so as to provide less refractory thickness and thus less 
insulation near the tube, thereby maintaining relatively high temperatures 
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within the tube so as to prevent freezing of the molten material within the 
tube. Additional coolers 42 and 43 are provided under the center refrac- 
tory section 41 and around the tube 40 so as to insure positive containment 
of the molten material. 

Various means are known in the art for controlling the flow of 
molten material such as glass through a gravity fed drain. Many of these 
arrangements invoLve manipulating the viscosity of the material by variably 
heating or cooling the drain tube. An induction coil associated with a 
drain tube is a typical example. In some cases these approaches may be 
employed satisfactorily with the present invention, but they possess 
certain drawbacks in the large scale melting of glass. The quantity of 
heat in a rapidly flowing stream of glass (e.g., on the order of hundreds 
or thousands of kilograms per hour) is so great that it is difficult to 
significantly influence the viscosity of the stream by heat transfer 
through walls of a drain tube. On the other hand, when adequate heat 
exchange is provided to effect control of the flow rate, the sensitivity of 
glass viscosity to temperature makes it difficult to finely modulate the 
flow rate. Physical flow restricting means ( "pi ungers" ) are well known in 
the art for controlling molten glass flow. A typical plunger arrangement 
involves structural elements within the melting vessel that interact with 
the upper end of a drain orifice. Such an arrangement would not be suitable 
for an inductively heated vessel as in the present invention. Accordingly, 
a preferred arrangement for controlling the molten glass flow in the 
present invent ion involve s exterior flow obstruction means interacting with ^ 
the lower end of the drain tube. A particularly advantageous arrangement 
ia that shown in the drawings whereby a streamlined "teardrop" shaped 
element 50 is supported slightly spaced below the drain tube 40 so as to 
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form an annular opening therebetween through which a stream of molten glass 
fLows. By varying the vertical position of the element 50, the size of the 
annular opening may be varied, and thus the flow rate of the molten glass 
controlled. The flow control element 50 is supported by a horizontally 
extending arm 51 which is, in. turn, mounted on positioning means 52 which 
may conveniently be a machinist's milling table or the like, preferably 
having three-dimensional adjustability. In order to maintain a coherent 
stream of glass, the flow control device is shaped to encourage converging 
flow patterns. The molten glass flowing around the element 50 recombines 
to a single stream by flowing along the converging surfaces of the lower 
portion of the element. Additionally, the portion of the arm 51 within the 
molten glass stream may be provided with an inverted teardrop shape as 
shown in FIG, 4, and is inclined downwardly along it» length to prevent the 
creep of molten glass onto the arm. Thus shaped, the device causes minimal 
disturbance to the striae of the flowing glass. The device is capable of 
positive flow control over a wide range from a positive shutoff at th* 
uppermost position to essentially a wide open setting when lowered a few 
centimeters below the drain tube. It may be noted that the term "teardrop" 
as used herein, is not limited to a strict definition of the term, hut may 
include a wide variety of streamline shapes that taper to a narrow portion 
at the bottom. For ease of fabrication the teardrop is preferably com- 
prised of a cone joined, to a hemisphere. Other variations may entail 
non-circular horizontal cross-sections or non-spherical upper portions. 
For contact with molten glass, the teardrop 50 and arm 51 are preferably 
fabricated from molybdenum clad with a pi at inum-rhod ium alloy. It is 
contemplated that the core may be made of a less noble metal than molybdenum 



- 10 - 



t 



017 689 8 



or even of ceramic refractory materials and clad with precious metal and 
provided with internal cooling if necessary. 

A schematic diagram o£ the electrical system for the induction 
heater is shown in FIG. 5. A typical industrial electrical power supply 
of three-phase 60 Hz alternating current is connected to an inverter 60 
which delivers a high frequency, single-phase outpuc to a transformer 61. 
The transformer 61 is preferably provided with a plurality of taps on its 
secondary so as to permit the voltage to the induction coil 11 Co be varied 
as needed. The induction coil 11 is wired across the secondary o f the 
transformer 61 in parallel with a capacitor 62. The capacitor 62 and the 
coil 11 establish a resonant circuit therebetween having high frequency and 
high amperage, thereby permitting the use of a small number of induction 
coil turns, e.g., one. The high amperage leads to high magnetic flux in 
spite of the small number of coil turns, thus providing the coil with 
substantial induction capabilities. Alternatively, magnetic flux could be 
increased by increasing the number of coil turns, but higher voltages 
would be required which would disadvantageous^ impose restrictions on 
the kind of inverter that could be used. With frequencies up to about 10 
kHz, solid state inverters can be employed which have relatively high 
conversion efficiency and low cost. Typically, a plurality of capacitors 
in parallel with esch other would be employed to provide the desired total 
capacitance. The frequency and capacitance of the resonating circuit can 
be described by the following equation: 

£ - 1/123T (LC) 1 / 2 ] 

where : 

f - the resonant frequency (Hz); 

L - inductance of the coil (henrys); 

C ■ capacitance (farads). 
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Other design calculations for inrf.^,- 
- w r lnductlon heating coils are sec 

*«h by R- M. a ake r in ^ vican Inscicuce „ . 

Ui Electrical Engineers Trans- 

™. . shows ooe E o„ o £ „ p „ Uot 62 _ u cise ^ 

"" fi8U " Ci - « 1. 0-e o f «„ rt „ hi=h „„ b 

. * A wni{ =h may be mounted 

above one another in a 

0 „ h .„ SP * nni " 8 the '» coil 

3 " S ^, ! „, t o rti c„ th . lwit „„ 62 _ _ ted 

- P.«. » oo o„ a . M . .« « h capacitor „ assoeUted _ 

tne capacitor and are connected to the fl anee 7 , 

Eiange 72 on one side of the coil 
and terminals 75 on the other side of rh„ 

er side of the capacitor associated with the 

oPPosite pole thereof are connected.o the fl ange 73 _ the other side . f 

- induction coil. CerainaLs ?4 and „ _ ^ ^ _ ^ 

eacH capacitor S, - legs 70 and 71 of the induction c oil are electri- 
«»r insulated fro. each other by ae ans of an insulation shi* 77. Since 

CyUndriCal indUCti0 " 11 - ending for the refractor, 

vessel, it is maintained in tension by mean3 of bolts ?8 which ^ ^ 

legs 70. and 71 toward one another. Non-conductive hushing, 79 may be 
Prided around the bolts 78 to maintain the electrical isolation of the 
legs fro. each other. Si 3 il arly , on che other side Qf ^ ^ ^ ^ 

half cylinders of the coil are bolted together with , , • 

gecner with a conductive shia 80 
between radially extending flanges 81 and 82 

s ^d 82. The em pCy vessel is ini- 

tially heated up using auxiliary heaters and wich che . A . 

WICn Cne eduction coil turned 
off. As the refractory portions of the vessel exoanH 

essei expand as they become 
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heated, the binding tension of the cylindrical coil 11 is progressively 
released by turning the bolts to enlarge the gap between the cylinder 
halves at either one or both of the joints therebetween. Initially the 
legs 70 and 7 1 and the flanges 81 and 82 may be in contact with each other, 
and the shims 77 and 80 inserted after the vessel has been preheated 
to operating temperature. Then current may be applied to the coil. 

Resistivity of molten glass varies with temperature, but a 
typical value is about 6 to 14 ohm-centimeters, which is high relative to 
materials to which induction heating is more conventionally applied. This 
leads to certain advantage in designing an induction heating system for 
glass melting. The current penetration depth in the material being heated 
is a key factor in the design of an induction heating system. Convention- 
ally, it is recommended that the diameter of the material being heated be 
about three times the current penetration depth, (see, for example, British 
Patent Specification 1,430,382) but with molten glass, it has been found 
that induction heating may be efficiently coupled to a body of molten glass 
whose diameter is equal to or less than the current penetration depth. 
Current penetration depth may be calculated as follows for glass: 

d « 5033 (J>IVAl 2 

where, 

d - current penetration depth in centimeters; 
^ « resistivity in ohm centimeters; 
f « frequency in Hertz. 

Heretofore it has been believed that induction heating of glass 
would require a huge coil or very high frequencies, either of which made 
the concept economically unattractive. But now, the implication of the low 
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8lass . . P enec "'i°n depth is that the 

glass-cantoning vessel may be reU tivel 

<-sfer of power tQ the ' 6UCWely C — - P"v ide effic ient 

(e.g., less chan 1Q kHz) if 

frequency can bo T increased, the 

"cy can be lowered even further. 

So- theoretical aspects of induction heatin* 
melting gl ass are H ■ l " S as . a PP^ed to 

glass are discussed by B. Scott and H. Ra Wson in Gl „ 
Vol. 14 No 5 <w u ln Glass Technology, 

' °' 5 ' ^tober 1973, pp . U5-124. 

A conventional expedient in induction coil desi • 

transfer of power to th- , . Effective 

Power to the me lt has been obtained with * -i 1 
its diameter 1 Ungth e ^ ual c ° 

3 ^ficient transfer of power mav h 

longer coil length The ■ .„ 7 P ° SSlble *«* • 

"gth. The wside diameter of the refr,,^ 
«i«ed by anti ciDat , „ refractory vessel is deter- 

7 anticipated throughput rates and residence tine 
composite vessel wall str , requirements. The 

~nc of the melt ""^ ^ — ~ — 

«- establishes the outside dieter of th . vessel which 
ln essence the sapie as ch «, a- 

* 35 Che dlanecer of the induction coil Mi„' • • 
the difference between t h ■ Minimizing 

°etween the interior diameter of rh. 
j- er o£ the vessel an d the Pn ii 

diameter results in *a~ . 1 

" s in a dv an gages in that- n,» 

lts * height of the 

vessel would normally correspond approximately 

locate the material being heated in the re g • ^ " " 

I. is f „ e gl ° n ° f "«*-»ed magnetic flux 

It is preferred for the melt to be provided wi , h addir - 

wi-h additional depth slightly 
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above and below the coil. When melting glass, it has been found particularly 
advantageous to provide additional depth below the coil to create residence 
time for the molten glass after passing through the peak temperature within 
the coil region and before being drained from the vessel. This additional 
residence time is advantageous to permit bubbles to escape from the melt 
and, in some cases, to permit the glass to cool to a temperature more 
consistent wi ch the requirements of a forming process to which the molten 
glass may be supplied. A residence time of approximately 1 hour below the 
coil has been found to be advantageous. Expressed structurally, the inside 
depth of the vessel below the coil may be on the order of at least one-half 
of the coil diameter. 

Glass becomes a significant susceptor of induced currents only at 
elevated temperatures. For example, soda-lime-silica glass becomes a 
susceptor at reasonable voltages above 2200*F. (1200*0. Therefore, the 
induction heating process is initiated by providing a body of molten 
glass by auxiliary heating means. Once the glass is susceptive (at a 
resistivity preferably less than about 14 ohm-centimeters) unheated raw 

glass batch materials could be fed to the induction heater and melting 

» 

could be performed entirely therein. However, it is preferred to liquefy 
the glass batch in a separate stage and to feed the liquefied material to 
the induction heater at a temperature at which the material is capable of 
auscepting. In that case, the function of the induction heater is to raise 
the temperature of the glass so as to complete the melting process and, in 
particular, to refine the glass, that is, to expel gaseous inclusions fro« 
the melt. For soda-1 ime-s il ica glass of flat glass quality, refining typi- 
cally entails a temperature of at least about 2600'F. (1425*C). Different 
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materials may liquefy at different temperatures, but soda- i ime-s il ica glass 
typically liquefies and may be fed Co the induction heater ac a temperature 
of about 2200'F. (1200"C.) to about 2400'F. (1315*0, at which temperature 
the material is susceptible to induced currents. 

Sulphur compounds, usually sodium sulfate ("salt cake") have 
conventionally been included in glass batches to assist in the melting 
and refining. Because the decomposition products of the sulpur compounds 
are highly volatile, the sulphur compounds have been added to glass batches 
in amounts considerably in excess of that theoretically required so that 
some of the sulphur survives the early stages of melting and is present in 
the melt to assist during the refining stage. Because of their decomposi- 
tion into gaseous produces, the sulphur compounds are a significant source 
of undesirable emissions from a glass melting operation. Therefore, 
efforts have been made in recent years to minimize the amount of sulphur 
used in glassraaking . It is an advantage that glass can be melted and 
refined by means of the present invention without the use of sulphur addi- 
tions to the batch. However, the presence of some sulphur i* believed 
advantageous during the refining process, and it has been found that the 
present invention, when operated as a two-stage liquefaction and refining 
process, is capable of retaining a high percentage of ifc« sulphur content 
in the melt so as to be present in the refining sr.age. This is believed to 
be due to the rapidity with which the batch can bei liquefied in a special- 
ized liquefaction stage so that less sulphur is lost through volatilization, 
and more of the sulphur is carried into the refining vessel. Therefore, 
only a small addition of sulphur to the batch can yield the advantages of 
refining in the presence of sulphur. It has been found that 3 parts by 
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by weight or less of salt cake per 1000 parts by weight of sand in the 
batch can provide significant amounts of sulphur in the inductively 
heated refining zone of the present invention. On the other hand, it has 
been found that salt cake in amounts greater than 3 parts by weight per 
1000 parts by weight sand can produce excessive foaming in the 
inductively heated vessel- Two parts salt cake per 1000 parts sand is 
preferred. 

Optionally, a bubbler, such as water cooled bubbler tube 90 
shown in Fig. 1, may be provided at the bottom of the induction heating 
vessel. Such a bubbler may be used if the need arises to induce greater 
circulation of hotter melt into the cooler lower region so as to prevent 
undue cooling of the lower region that might in turn cause the rate of 
draining through tube 40 to be reduced unacceptably • 



EXAMPLE 

In a vessel substantially as depicted in the drawings, 10 tons 
per day (9,000 kg per day) of soda-lime-silica glass was successfully 
processed. The induction coil had a diameter and height of 60 inches 
(1.5 meters) with the bottom of the coll 40 inches (1 meter) above the 
bottom of the refractory vessel. The level of molten material in the 
vessel was maintained at about 4 inches (10 centimeter) above the top of 
the induction coil. The inner layer of refractory was Citeron AZS 
refractory sold by Combustion Engineering Company and was provided with a 
thickness of 10 inches (25 centimeters). The outer refractory was 
Finsulation low density clay refractory sold by Findley Refractories 
Company and provided with a 2 inch (5 centimeter) thickness. The thermal 
conductivity of the outer refractory under operating conditions is 
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estimated to be about one tenth that of the inner refractory. The coil 
was 1/4 inch (6 millimeters) thick copper. Glass batch was pr C -li que f i ed 
and fed to the induction heating vessel at a temperature of about 2300«F. 
(1260-C) and within the region of the coil, peak temperatures of about 
2800-F. (1540-C.) were attained. In the region below the coil, glass 
temperatures fell to about 2600°F. (1425°C.) before being drained from 
the vessel. When operation was stabilized, the coil was being supplied 
with about 110 kw at 650 volts RMS and a frequency of 9.6 kHz. 

The detailed description herein has related to specific 
embodiments for the sake of disclosing the preferred mode of the 
invention, it should be understood that other modifications and 
variations are known to those skilled in the art, may be resorted to 
without departing from the spirit and scope of the invention as defined 
by the claims which follow. 
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List of reference numbers 



10 induction coil 77 insulation shim 

11, 12 half cylinders of coll 78 bolts 

13 cooling tubes 79 bushing 

14 non-conductive tube 80 conductive shim 

15 outlet tube 81, 82 flanges 

20 refractory blocks 

21 outer blocks of ceramic refractory material 

22 lid member 

23 opening 

24 surge hopper 

26 wall 

27 binding straps 

30 upper layer of bottom structure 

31 second layer 

32 water cooler 

33 refractory paper 

34 copper sheet 

40 tube 

41 refractory piece, bottom section 
42, 43 coolers 

50 flow control element 

51 extending arm 

52 positioning means 

60 inverter 

61 transformer 

62 capacitor 
70/71 legs 

72, 73 flanges 

74, 75 terminal ports 

76 coolant hoses 
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CLAIMS : 



1. A method for melting material comprising: 

feeding a stream of pulverulent material to a first vessel 
m which the material is supported on a sloped surface and 
liquefied by primarily radiant heat transfer, 

draining the liquefied material from the first vessel to a 
second vessel, in the second vessel increasing the temperature of 

the liquefied material by imposing an alternating electro- 
magnetic field on a volume of the liquefied material held in the 
second vessel so as to induce electric currents in the liquefied 
materi al . 

2. The method of claim 1 wherein the majority of the thermal 
energy for melting the material is imparted to the material prior to its 
entry into the second vessel. 

3. The method of claim 1 wherein the material that is melted 
comprises glass making materials. 

4. The method of claim 1 wherein the liquefied material in the 
second vessel comprises molten glass. 

5. The method of claim 1 further comprising continuously draining 
the liquefied material from the second vessel. 

6. The method of claim 5 wherein the liquefied material is 
drained from the bottom of the first vessel and from the bottom of the 
second vessel. 



- 19 - 



• * 9 

0176898 

7. The method of claim 1 wherein the step of increasing the 
temperature of the liquefied material is carried out in a first zone of the 
second vessel, and thereafter the liquefied material is passed to a second 
zone of the second vessel where the material resides for a period of time 
without further temperature increase, 

8. The method of claim 7 wherein the liquefied material is 
passed vertically from the first zone to the second zone. 

9. The method of claim 7 wherein the temperature of the lique- 
fied material is decreased in the second zone. 



10. The method of claim 7 wherein sufficient residence time is 
provided for the liquefied material in the second zone for escape of 
gaseous inclusions from the liquefied material. 

LI, The method of claim 10 wherein the average residence time of 
liquefied material in the second zone is at least one hour. 



12. The method of claim 3 wherein the liquefied material enters 
the second vessel at a temperature of 2200 -2400'F (1200 - 1320*C). 

13. The method of claim 12 wherein the temperature of the 
liquefied material in the second vessel is increased to 2600 - 2S00*F (1420 
- 1540 # C), 
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14. The method of claim 1 wherein the puLverulent material 
comprises glass batch having a sulfur content equivalent to no more than 4 
parts by weight per 1000 parts by weight sand. 

15. The method of claim 1 wherein the electromagnetic field is 
produced by passing alternating current through a coil extending around the 
second vessel. 

16. The method of claim 15 wherein the frequency of the alter- 
nating current is no more than about 10 kHz. 

17. Tne method of claim 16 wherein the coil has a single turn. 

18. A method of inductively heating molten material having 
gaseous inclusions comprising: — 

in an active heating zone of a vessel encircled by an 
induction coil subjecting the material to an alternating electro- 
magnetic field so as to induce electric currents in the material 
and to thereby heat the material; 

passing the heated material to an inactive zone within the 
vessel below the induction coil; 

and retaining the material within the inactive zone an 
average of one hour before being discharged from the vessel . 

19. The method of claim 18 wherein the temperature of the 
material is increased in the active heating zone and is decreased in the 
inactive zone. 
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20. The method of claim 18 wherein conditions are maintained 
in the inactive zone to reduce gaseous inclusions. 

21. The method of claim 20 wherein the material is molten 

glass. 

22. Apparatus for melting materials comprising: 

a first vessel having means for feeding a stream of 
pulverulent material* a sloped surface adapted to receive the 
incoming stream to drain liquefied material from the vessel, 
and radiant heating means for liquefying the pulverulent 
material fed to the vessel; and 

a second vessel adapted to receive liquefied material 
drained from the first vessel, and 

having means to impose an alternating electromagnetic 
field on liquefied material held in the second vessel so as to 
increase the temperature of the liquefied material, 

23. The apparatus of claim 22 wherein the second vessel 

includes: 

drain orifice means for passing a stream of the liquefied 
material from the second vessel by means of fluid pressure of 
the liquefied material, the orifice means having an interior 
opening within the vessel and an exterior opening outside the 
vessel; and 

flow restricting means coacting with the exterior opening 
for regulating the rate of flow of the liquefied material from 
the vessel, the flow restricting means including * bulbous 
member in vertical alignment with the exterior opening having 
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downwardly converging surfaces at Its bottom portion and a 



support arm extending from a side of the bulbous member, the 



arm having a portion adjacent to the bulbous member downwardly 
inclining toward the bulbous member, and means engaging the arm 
for adjusting the elevation of the arm and the bulbous member. 



24. The apparatus of claim 23 wherein the orifice means 
comprises a tubular member extending through a wall of the vessel. 

25. The apparatus of claim 23, wherein the bulbous member has 
a surface of refractory metal. 

26. The apparatus of claim 25 wherein the surface of the 
bulbous member is platinum or an alloy thereof. 



comprising an upright vessel adapted to contain a body of molten 
material, an inlet opening at the upper portion of the vessel, an outlet 
opening at the lower portion of the vessel, an induction coil encircling 
an active beating zone of the vessel between the inlet opening and the 
outlet opening, the active heating zone terminating a substantial 
distance above the outlet opening so as to provide an average residence 
time of at least about one hour for molten material passing between the 
active heating zone and the outlet opening. 



27. Apparatus for inductively , heating molten material 
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